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Metals  a<  Very  Small  Angles 


li.  M.  liovuisky  iiii’i  1.  .M.  (ifinkin 


Th<  scat-t-rririg  of  x-ray.s  at,  very  .small  angle.s  (t  ' 1°  or  2^)  Lo  the 

incidenV  heam  is  due  to  s'.d.<mirroscopi  c regioa.s  in  the  ,s(  attf-r.np  .siilistance 
having  different  I'lectron  densities.  Hie  fluctuations  of  the  electron  density 
in  a solid  and  in  particles  which  are  di strihuled  at  distances  greater  than 
their  own  dimensions  cause  a “gas -type”  scattering,  characterized  hy  a mono- 
tonically  decreasing  inte.nsity  as  the  angle  T increases;  on  the  other  hand, 
tightly-packed  particles  cause  a “1 iquid -tvne  ” scattering,  whose  pattc-rn  is  a 
diffused  ring  with  a diameter  determined  hy  the  avc-ruge  distance  het-een  the 
scattering  centers. 

Idle  theory  of  the  scattering  of  x-rays  at  very  small  ang.les,  based  on 
the  theory  of  scattering  by  gases  and  liquids,  has  not  yet  been  fully 
developed.  However,  a large  niimlic'r  of  iiive.' l igations  in  this  field,  concerned 
with  determining  the  size  and  shape  of  particles  of  various  substances  and 
their  submicroscopic  defects,"  have  given  ejuite  satisfactory  results.  Ihis 
fact  served  as  a basis  for  the  study  of  scattering  by  pure  metals,  described 
in  this  paper. 

(1)  In  order  to  obtain  a picture  of  scattering  at  very  .small  angles  (tp  < 

10*),  we  assemliled  an  apparatus  with  two  slits  0.014  mm  wide  end  60  mm  apart. 

We  found  that  the  intensity  distribution  across  the  incident  beam,  passing 
through  the  slits  was  of  the  type  e'*’*  and  that  its  angular  width  cp  (between 
the  points  of  ha  1 f -maximum  intensity)  was  about  2S*‘.  Such  a distribution  of 
’ntensity,  resulting  probably  from  the  (irofile  of  the  slits  and  tne  passage 
of  the  rays  through  their  edges,  offers  many  opportunities  for  studying  the 
scattering  at  very  small  angles. 

In  our  work  we  used  the  radiation  from  an  x- ray  tube  having  a mol  ybdenam  anode 
and  operated  at  the  stednlized  voltage  of  37  kv;  this  voltage  provides  an  advan- 
tageous ratio  between  the  intensity  of  the  monochromatic  radiation  and  the 
accompanying  white  radiation. 

.Short-wave  radiation,  whi'',h  scatters  within  a sn  ller  range  of  angles  CP  than 
long-wave  radiation,  was  used  because  of  the  high  absorption  of  the  latter. 

In  oi'der  to  obtain  the  scattering  pattern  at  very  small  angles,  the  x-ray 
plate  was  placed  170  cm  from  the  samfile.  At  this  distance,  the  layer  of  air  and 
the  metallic  sample  it.self  weaken  sufficiently  the  long-wave  part  of  the  white 
radiation,  which  introduces  the  largest  error  in  determining  the  lower  limit 
of  the  size  of  the  particles  (20  to  -SO  percent^,  usually  found  from  the 
approximate  formula 
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Here  IS  the  intensity  of  the  liutiat  ion  sratteris!  at  t.!ie  an^^e  ; , /V  is  t!ie 
iinniheio  f the  sentter  inj;  part,  i c 1 es  11  r i>  I lie  !<"'l  s of  si/e  H,  anh  n is  t.lie  nnmlier 
of  clectron.s  in  one  part  lele. 

(2)  We  studied  sarrple.s  (' f pure  e lent  rol  vt.  i c copper  rol  li'd  into  sheets 
0.  11  mn  thick,  smie  not  annealed,  other.s  annealed  in  larun  at  hOO  deforces  for 
4 hours;  satifiles  of  very  iiure  cast  aliinumim  ('>'). percent)  l.h  mn  thick; 
similar  samples  of  cold-worked  alnmimim,  and  samfiles  of  aluminum  of  commercial 
purity,  prepared  hy  sinterinp. 
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n b r d c 

P'iK.  1.  \-rny  plioto^r  a plen  ( phnlo^irAnh  ic  enlAPfic- 
inenl  1.5).  n,  -liiect  lieAfn  willaiiil  sninplc;  5,  SAmpl'* 
of  rolle-l  CJi'per.  nxi.s  of  roMjrip  pii  ra  1 ] e I t ii  slil, 
c,  nxia  of  rolliiiy;  pe  rpr  m)  i,ai  I n r lo  «i  1 i 1 , d, 
annealed  sample  of  rolled  iop(ir,"  axis  of  rolliiifi 
parallel  lo  .s  ! 1 1 , r,  axis  pe  rfien.t  iru  1 a r to  slit. 


Kig.  1 show.s  X-ray  photographs  of  the  di  i-ect  heam  of  rays  taken  without  a 
sample  and  with  copper  sunples  exposed  with  the  axis  of  rolling  parallel  and 
perpendicular  to  tiie  slit.  Ihey  distinctly  show  the  difiusion  of  the  incident 
bea.m,  consisting  in  the  widening  of  the  heiun  and  the  inonotonic  decrease  of 


intensi ty , 
range. 


whicli  extejid.s  as  a weak  background  into  a lelatively  large  angular 

figs.  2 and  .1  stiow  the  microphotometer  curves 
giving  t!ie  .angular  dependence  of  tlie  intensity 
of  the  direct  beam  1 and  of  the  beams  2,  3,  and 
4 that  have  passed  through  the  samples.  Ihe 
areas  under  the.se  curves  are  equal  because  the 
ordinates  have  been  multiplied  by  the  proper 
coe f i icuMits.  lliiis,  the  effect  of  the  absorption 
U IS  practically  eliminated,  and  the  areas 
bordered  uy  the  curves  1 and  2 or  J and  4 (cross- 
hatched  in  Fig.  ?)  arc  determined  by  the  addi- 
tional alisorptioii  p’  due  to  the  scattering  at 

1 :yngl'>s,  which,  as  has  been  shown  by  Warren, 
i.s  ]iro  >1  tionai  to  the  radius  of  the  defects  or 
of  I.  he  particles  and  to  the  density  p with.in 
I lic.se  regions;  in  fact,  ii'  - 0.  108  \ lip. 

(8)  111*-  x-ray  photograph.s  and  the  distribution 
curv«?s  ol  »lie  intensity  of  scattering  at  very 
small  angles  show  that  pure  metals,  whether 
deformed,  cast,  recrystal  1 1 zed,  or  obtained  by 
sintering,  give  a "gas  scattering"  pattern.  Oir  interpretation  of  this  pattern 
is  that  the  .scattering  results  from  the  difference  in  electron  densities  in 
the  metal  itself  and  in  the  defects  (micropores  and  cracks),  which  are  voids 
with  zero  electron  density.  This  interpretation  is  ba.sed  particularly  on  the 
fact  that  the  scattering  by  porous  aluminum  (and  other  metals)  obtained  by 
sintering  becomes  particularly  conspicuous,  judging  by  the  decrease  of  the 
area  bordered  in  Fig.  3 by  the  curve.s  1 and  4 before  their  intersection.  Hie 


Fig.  2,  M-.cropholometer 
curves.  1,  direct  beam  without 
2,  recrysta  1 1 iied  cop- 
cold-worked  copper. 


sample ; 
per;  3, 
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fact  that  rolled  copper  scatters  more  aiul  at  larg<T  aitf^les  (p  when  the 
rolling  axis  of  th<'  ssimple.s  is  parallel  to  the  slit  than  when  it  is  perpen- 
dicular shows  that  the  delects  are  I'longated  and  are  oriented  in  the  direc- 
t.ion  of  tiu;  axis  of  rolling.  Dus  phenonxMion  agrees  with  the  concepts  con- 
cerning the  nature  of  the  strejigth  of  metals. 

llic  data  on  the  scattering  by  rol  led  and 
recrystallized  copper  .show  that  the  defects 
(tlie  lower  limit  of  whose  size  is  estimated 
as  300  A in  the  case  of  a cold -worked  metal) 
grow  to  400  A upon  recrystal  1 1 zation, 
probably  because  of  the  general  lowering  of 
the  saturation  of  the  copper  by  smaller  de- 
fects, and  because  of  the  decrease'  in  the 
randomn<?ss  of  the  orientation  of  their  axes. 

In  cast  aluminum,  the  lower  limit  of  the 
size  of  the  defects  is  alxnit  .300  A.  I nder 
plastic  deformaoion,  this  limit  is  reduced 
in  aluminum  to  about  250  A with  the  general 
decrease  of  saturation  of  the  metal  hy  •'hr. 
larger  defects,  probably  diic  to  their 
healing. 

In  the  aluminum  obtained  hy  sintering, 
the  lower  limit  of  the  size  of  the  defects 
coincides  with  the  limit  for  cast  aluminum. 

The  former  differs  from  the  latter  by  a greater  saturation  with  defects  of 
a considerable  size,  probably  more  than  1000  A. 
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Pig.  3.  Microphotometer 
curves.  1,  direct  beam  with- 
out sample;  2,  caat  aluminum; 

3,  cold-worked  aluminum;  4, 
aluminum  obtained  by  aintering 
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